Organic electrochemical transistors (OECTs) are increasingly studied as transducers in sensing applications. While much emphasis has been placed on analyzing and maximizing the OECT signal, noise has been mostly ignored, although it determines the resolution of the sensor. The major contribution to the noise in sensing devices is the 1=f noise, dominant at low frequency. In this work, we demonstrate that the 1=f noise in OECTs follows a charge-noise model, which reveals that the noise is due to charge fluctuations in proximity or within the bulk of the channel material. We present the noise scaling behavior with gate voltage, channel dimensions, and polymer thickness. Our results suggest the use of large area channels in order to maximize the signal-to-noise ratio (SNR) for biochemical and electrostatic sensing applications. A comparison with the literature shows that the magnitude of the noise in OECTs is similar to that observed in graphene transistors, and only slightly higher than that found in carbon nanotubes and silicon nanowire devices. In a model ion-sensing experiment with OECTs, we estimate crucial parameters such as the characteristic SNR and the corresponding limit of detection.
I. INTRODUCTION
The development of organic electronic devices has seen spectacular advances in recent decades, with the main driver being organic light-emitting diodes, which are now produced on an industrial scale [1] . Besides the ongoing, extensive research on organic solar cells and field-effect transistors (OFETs), the recent development of biosensors and bioelectronic devices based on conducting polymers has renewed attention towards organic electronic materials [2, 3] .
These alternative applications stem from the advantages that conducting polymers offer when used as active elements in biosensing: (i) low-temperature solution processing, (ii) the possibility of coating large and flexible substrates, and (iii) the unique mixed electronic-ionic conductivity [4] . The final property is of particular interest for biochemical and electrophysiological sensing since ion exchange with the liquid environment lowers the impedance at the electrolyte-polymer interface, enhancing the signal transduction [5] .
A device type which has been intensively studied for applications in aqueous media is the organic electrochemical transistor (OECT) [6] . OECTs make use of hydrated conducting polymers which can change their conductivity by reversibly exchanging ions with an electrolyte. These processes take places at very low voltage (< 1 V) and, since the current modulation is proportional to the amount of charge injected into the polymer channel, high transconductance (g m ) can be achieved [7] [8] [9] . Since this working mechanism is especially favorable for a wide variety of sensing principles, OECTs have been implemented as enzymatic [10] [11] [12] and ion sensors [13] , and they have been used both in vitro [14, 15] and in vivo [7, 16] to monitor biological [17] and electrophysiological [18] processes.
While much emphasis has been placed on analyzing and maximizing the OECT signal, noise has been mostly ignored. This lack of attention is very surprising, as noise is a key factor in determining the resolution of a sensor. When using a transistor as a biochemical sensor, the detection principle is based on the additional gating induced by charges adsorbed on the sensor surface. In this case, the noise determines the minimum detectable change of the gate voltage and can be related to the corresponding limit of detection (LOD) in terms of analyte concentration. The major contribution to the noise in sensing devices is the 1=f noise, which is dominant at low frequency [19, 20] . In biosensing, since the binding kinetics of many species of interest (e.g., proteins) typically require time scales up to a few minutes [21] , the 1=f noise becomes a key parameter limiting the performance of the sensor. For this reason, lowfrequency noise has been studied in depth for several transistor-based biosensors, such as silicon nanowires (SiNWs) operated as ion-sensitive field-effect transistors [20, 22, 23] , diamond solution-gated field-effect transistors [24] , liquid-gated graphene [19, 25, 26] , and single-walled carbon-nanotube (SWCNT) transistors [27, 28] . While some studies on OFETs exist [29, 30] , to the best of our knowledge, no measurements have been reported so far for OECTs.
In this work, we investigate the low-frequency noise of OECTs employing the conducting polymer poly(3,4-ethylenedioxythiophene) doped with poly(styrene sulfonic acid) (PEDOT:PSS). We present the noise scaling behavior with gate voltage, channel dimensions, and polymer thickness. We demonstrate that the noise in OECTs follows the predictions of the charge-noise model [19, 27, 31] (similar to the "background charge noise" found in single-electron transistor electrometers measured at low temperatures [32, 33] ), which scales inversely with the area of the channel. These results suggest the use of large-area PEDOT:PSS thin films in order to maximize the signalto-noise ratio (SNR) for biochemical and electrostatic sensing applications. No significant dependence of the noise on the polymer thickness is found. A comparison with the literature shows that the magnitude of the noise in PEDOT:PSS-based OECTs is similar to that observed in substrate-bound graphene transistors, and only slightly higher when compared to substrate-bound SWCNTs and SiNW devices. Finally, we estimate the characteristic SNR and the corresponding LOD of an OECT in a typical ionsensing measurement.
II. MATERIALS AND METHODS
Arrays of PEDOT:PSS OECTs with channel dimensions (width × length; w × l) ranging from 5 × 5 μm to 250 × 250 μm and thickness d from 60 to 800 nm are fabricated following a previously published protocol [7, 34] . For devices with smaller dimensions (1 × 1 μm), an alternative process has been developed as described in the Supplemental Material [35] . Figure 1 (a) depicts the device layout and the noise measurement setup. A liquid-gate potential V LG is applied to a Ag=AgCl reference electrode immersed in a 100-mM KCl aqueous solution to adjust the conductance of the PEDOT:PSS channel. Throughout this work, a constant source-drain voltage V sd ¼ 100 mV is applied to bias the transistor. At each gate potential, the time-dependent source-drain current I sd ðtÞ is measured using a current-voltage amplifier and transformed into a noise power spectral density S I sd ðfÞ (here referred to as current noise) via fast Fourier transformation where t is the time and f is the frequency [20] . The background noise measured at V sd ¼ 0 V is subtracted from the 1=f spectrum measured at V sd ¼ 100 mV.
III. RESULTS AND DISCUSSION
A. α noise versus charge noise g m ¼ ΔI sd =ΔV LG . The PEDOT:PSS film is highly conductive at zero applied gate voltage (V LG ¼ 0 V) due to the intrinsic doping by PSS [8] . With an increasing positive V LG , potassium cations (K þ ) from the electrolyte enter the organic film, partially compensating the pendant sulphonate anions of the PSS and effectively decreasing the conductance [36] . The maximum transconductance is about 120 μS; when normalized with the source-drain voltage, this figure yields a value of approximately 1 mS=V, as observed for state-of-the-art OECTs [7] . For each gate potential applied, the current noise S I sd ðfÞ is calculated. Hence, the corresponding voltage noise power spectral density can be obtained via S V ðfÞ ¼ S I sd ðfÞR 2 , where R ¼ 1=G is the channel resistance. S V ðfÞ is the voltage noise when the transistor is current biased and is commonly used to compare the noise of a transistor adjusted to different resistance values via the gate [20, [37] [38] [39] . α characteristic with α ≈ 1 in the low-frequency range, indicating that there are no single dominant processes taking place at a specific time scale [37] . For gate voltages higher than 0.7-1.0 V [gray highlighted points in Fig. 1(b) ], leakage currents from the gate reference electrode to the source and drain contact start to be dominant and, therefore, determine the measured current. In terms of noise, the leakage currents lead to a dominant, frequency-independent noise contribution, which is not of the 1=f type and is therefore not further analyzed for the noise studies.
It is commonly accepted that 1=f noise is caused by resistance fluctuations. This type of noise is well described by Hooge's phenomenological law,
where C is a quantity of the noise of the sample and is constant for an Ohmic sample with constant resistance R.
Hooge redefined C using the number of fluctuators N and the Hooge parameter α: C ¼ α=N. Hooge's law does not give any insight into the physical meaning of N. The reason for its introduction was the idea that each fluctuator contributes independently to the 1=f noise and, therefore, α is a normalized measure for the relative noise of a sample [40] . Importantly, Hooge's law predicts that the noise amplitude is proportional to the bias squared [S V ðfÞ ∝ V 2 sd and S I sd ðfÞ ∝ I 2 sd ] for a sample of constant resistance R [40, 41] . This bias dependence is also observed here (Fig. 2) , confirming that the noise in OECTs is also caused by resistance fluctuations. In other words, the applied source-drain voltage does not generate the noise but allows for measurements of it [40] .
To take the scaling with bias into account, we plot [ Fig. 3(a) ] the normalized current noise S I sd =I 2 sd versus the source-drain current I sd extracted at a fixed frequency f ¼ 10 Hz, for a ð25 × 25Þ-μm channel transistor gated to different resistance values (V sd is kept constant at 100 mV). To get a first insight into the nature of the noise, we compare the experimental data (the black squares) with two models, commonly used to describe and classify 1=f noise. These two models have emerged from the fact that, although it is accepted that resistance fluctuations are the source of the 1=f noise in electronic devices, its true origin is not fully understood. Since the electrical conductivity σ of a semiconductor is generally given by σ ¼ epμ, with e being the elementary charge, p the charge carrier density, and μ the charge carrier mobility, fluctuations in both μ and p could lead to the observed noise. Models assuming the former are called mobility-fluctuation models. One important member of this group is the α-noise model, which has been widely applied to describe noise in homogeneous samples [37, 40, 42] . It follows directly from Hooge's law assuming that the number of fluctuators N is given by the number of charge carriers (N ¼ pwld, with p being the hole density and wld the volume of the channel). The α-noise model reads
where the right term is obtained using Ohm's law and the expression for the conductivity σ ¼ epμ. In the literature, the α-noise model is often called Hooge's law [19, 20, 27] . However, since the model already assumes a homogeneous sample (which is not given in Hooge's original law), we use here the term α-noise model. Importantly, the α-noise model predicts S I sd =I 2 sd ∝ 1=I sd for a constant source-drain voltage, as shown by the green line in Fig. 3(a) . Clearly, the α-noise model cannot explain our data, and hence mobility fluctuations can be excluded as the origin of the noise in OECTs. It can be argued that the 1=I sd characteristic is valid only if the current depends linearly on the gate voltage. If, however, the current scales exponentially with
gate voltage as in the subthreshold regime of the transistor, the slope of the green line should be modified correspondingly [27] . We find also that adapting the slope of the line does not give a satisfactory fit (see Fig. S2 in the Supplemental Material [35] ) and, therefore, the α-noise model can definitely be excluded.
As an alternative to the α-noise model, we apply the charge-noise model [31] shown as the blue fit line in Fig. 3(a) . The charge-noise model is a member of the number-fluctuation models which assume that the charge carrier density (in the case of PEDOT:PSS, the hole density) is the fluctuating quantity instead of the mobility [31] . These fluctuations in p can be calculated back to the gate using the gate-referred voltage noise S V g , which is connected with the current noise via the transistor transconductance: S I sd ¼ g 
. The charge-noise model was successfully applied to describe 1=f noise measured for liquid-gated SWCNTs [27, 28] and single-bilayer graphene [19, 25, 26] where the channel material is in direct contact with the electrolyte. The observed 1=f noise is associated with charge fluctuations caused either by trap states in the substrate for substrate-bound SWCNTs [27, 28] and graphene devices [19, 25] or by the Brownian motion of ions of the electrolyte for suspended carbon nanotubes (CNTs) [28] . Also, the 1=f noise measured for liquid-gated SiNWs follows the charge-noise model, where the noise source is associated with either trapping and/or detrapping at the silicon/oxide interface [20] or fluctuations of the ions in the electrolyte [22] . Independent of the exact noise source, the charge-noise model assumes a charge-noise spectral power density S q ðfÞ in close proximity to the transport material, which couples with an effective gate capacitance C gate to the device, thereby modulating the carrier density. Consequently, the fluctuating quantity is not the mobility-as in the case of the α-noise model-but the number of charge carriers. This model is expressed by
Measured at a specific frequency, both S q and C gate are constant for a device with a given geometry; therefore, S V g ¼ S q =C 2 gate is also constant [19, 31] . Consequently, the charge-noise model predicts S I sd =I 2 sd ∝ g 2 m =I 2 sd . As shown in Fig. 3(a) , the charge-noise model (the blue fit) agrees well with the experimental data for sufficiently small source-drain currents. In this regime, the transistor behavior is fully determined by the properties of the PEDOT:PSS channel, while the influence of the contact resistance is negligible. In the following, we refer to this regime as the channel regime, as indicated in Fig. 3 .
The deviation from the model at high source-drain currents is an expected transition from the channel regime to the contact regime highlighted by the gray shaded area in Fig. 3 . In the contact regime, the electrode contacts start to contribute significantly to the noise because the resistance of the PEDOT:PSS channel becomes smaller than the contact resistance [43] . The transition between the two regimes is best understood by looking at the transconductance shown in Fig. 3(b) , as described previously for SiNWs [20] . When the transconductance approaches its maximum value, the resistance of the channel becomes smaller than the contact resistance, and the noise is mainly determined by the properties of the contacts, rather than the PEDOT: PSS channel. Therefore, we can approximate the position of the regime transition as the value of I sd near the maximum of the transconductance, as indicated in Fig. 3(b) .
A more detailed discussion of the contact regime is given in the Supplemental Material [35] . Similar results are also obtained for devices with different geometries (see the Supplemental Material, Fig. S1 [35] ). As proposed by Tersoff et al. [31] and Heller et al. [19] , the contact noise can be modeled as a noise contribution generated by a gateindependent series resistance to also fit the data in the contact regime. Although this correction improves the fit for large source-drain currents (see the Supplemental Material, Fig. S3 [35] ), we focus on the channel regime because the best SNR is achieved only for sufficiently small source-drain currents, as we show in the following. Furthermore, to compare different channel materials, we use the value of the gate-referred voltage noise, which is constant only in the channel regime.
Our measurements suggest that the low-frequency 1=f noise in OECTs follows a charge-noise model similar to that proposed for graphene [19] and CNT [27] transistors. However, in strong contrast to these devices, where a welldefined, sharp interface exists between electrolyte and active material, in OECTs, the electrolyte penetrates into the conducting polymer channel. This unique property raises a question about the origin of the noise in OECTs, which we discuss in the following by studying the noise scaling with geometry.
B. Noise scaling with geometry
Figure 4(a) shows the gate-referred voltage noise S V g versus the resistance R at 10 Hz for devices with varying channel widths and lengths but a constant film thickness (d ≈ 110 nm). We find S V g to be independent of the resistance value as long as the transistor is operated in the channel regime, in agreement with the charge-noise model. As soon as the contacts also contribute to the noise, at low-resistance values, the gate-referred noise increases drastically, as observed in Fig. 4(a) . The transition between the contact regime and the channel regime has been determined to be the value of the channel resistance around the maximum transconductance, where the charge-noise model starts to deviate considerably from the experimental data. As the contact resistance is expected to scale with the inverse channel width w, the contact regime shifts towards lower resistance values on the horizontal axis for an [19] , substrate-bound SWCNTs [27] , suspended CNTs [28] , and SiNWs [20] .
increasing w, as highlighted by the gray area. We observe that the gate-referred voltage noise decreases for increasing the channel area indicated by the horizontal lines in Fig. 4(a) . We further investigate the scaling of the noise with channel volume, measuring samples with two different thicknesses, d
thin ≈ 60 nm and d thick ≈ 800 nm, but the same width and length (5 and 100 μm, respectively). Figure 4(b) shows S V g versus R for the two types of devices. As expected from the device geometry, the thick sample exhibits both lower channel and lower contact resistance (see the Supplemental Material, Fig. S6 [35] ). Therefore, we find a lower noise for the thick PEDOT:PSS in the contact regime. When operating the transistor in accumulation, thick OECTs are preferred, in agreement with a recent publication of Rivnay et al. [9] . However, in the channel regime, we observe no significant difference in noise for the two thicknesses. It means that for achieving the best SNR, thin OECTs are as good as their thicker counterparts.
The observed dependence of S V g on the channel areabut not on the channel thickness-needs further discussion. Since S V g ¼ S q =C 2 gate , the scaling of S V g with geometry depends on the corresponding scaling of the charge noise S q and the gate capacitance C gate . Our experimental data could be explained by assuming that both C gate and S q scale only with the area leading to S V g ∝ 1=wl, as is commonly accepted for liquid-gated CNTs and graphene transistors [19, [25] [26] [27] [28] . However, the absence of a clear interface between the polymer channel and the electrolyte might lead to a different geometry scaling of S V g . For example, it has recently been demonstrated that the gating process of PEDOT:PSS OECTs involves the whole channel volume due to the ionic permeability of the polymer. Therefore, both transconductance and effective gate capacitance depend on the channel thickness leading to g m ∝ wd=l and C gate ∝ wld [9] . Consequently, the noise might originate from doping and/or dedoping processes within the bulk of the material, where the Brownian motion of cations leads to a volume-dependent noise source S q ðfÞ ¼ S Ã q wld=f, with S Ã q representing the charge-noise power density per volume. Although not clearly observed here, the unique volumetric gating behavior of OECTs makes a volume-dependent noise source S q plausible. Independent of the exact noise mechanism, the chargenoise model predicts S V g ∝ 1=wl, which we verify experimentally in the following. Figure 4 (c) shows the value of the plateau of the gatereferred voltage noise of Fig. 4(a) versus the channel area wl, measured for devices of the constant thickness d ≈ 110 nm. The thickness d ≈ 110 nm represents a practical trade-off between high transconductance and fast response times [7, 9] . As proposed by the charge-noise model, we indeed find that the gate-referred voltage noise scales with S V g ∝ 1=wl. Furthermore, we compare the value of the gate-referred voltage noise with values obtained in the literature for transistors based on singleand bilayer graphene [19] , SiNWs [20] , substrate-bound SWCNTs [27] , and suspended CNTs [28] , represented by the dashed colored lines in Fig. 4 (c) (S V g for graphene and SWCNTs measured at 1 Hz has been converted to S V g at 10 Hz for reasons of comparison). Interestingly, we find that the noise of OECTs is comparable to graphene devices, while it is slightly higher compared to SiNWs and substrate-bound SWCNTs transistors. Suspending the CNTs has been shown to significantly reduce the noise, an indication that the charge noise caused by the substrate is significantly contributing to the 1=f noise [28] . The gatereferred voltage noise allows us to calculate the corresponding charge noise, S q , which can be compared with state-of-the-art inorganic transistor devices, particularly socalled single-electron transistors (SETs) that are used for metrology due to their optimized, strongly reduced noise characteristics. Assuming a volume-dependent capacitance Fig. 4(c) . Compared to the SET devices presented in the literature [23, 32, 33] , our ffiffiffiffiffi S q p is much larger, which is not surprising given the large capacitance and volume of the OECTs.
C. Signal-to-noise ratio and limit of detection
To evaluate the resulting SNR for the studied devices, we finally compare S V g with typical signals of OECT biosensors. Recently, PEDOT:PSS-based OECTs have been modified with ion-sensitive membranes to achieve a potassium-(K þ -)selective sensor [13] . Typically, the interfacial potential difference (also called the membrane voltage) V m of such ion-sensitive membranes changes according to the Nernst equation by ΔV m ¼ 59.5 mV per decade in concentration (mV/dec) of the ion of interest. V m thereby acts as an additional gating signal modulating the current of the transistor (ΔV LG ¼ ΔV m ).
Since the signal originates at the gate of the transistor, it has to be compared with the noise at the gate, given by the gate-referred voltage noise S V g . We consider a typical OECT [w ¼ l ¼ 25 μm, d ≈ 110 nm, as shown in Fig. 4(a) , the green triangles] modified with a membrane that exhibits a Nernstian response to potassium ions over a concentration range from 1 μM to 10 mM. With this system, an increase in potassium concentration by one order of magnitude can be detected with SNR
ffiffiffiffiffiffi Hz p at 10 Hz, with a 1-Hz bandwidth. This result is obtained by using ΔV m ¼ 59.5 mV and S V g ¼ 1 × 10 −11 V 2 =Hz [using again the value of S V g for a ð25 × 25Þ-μm OECT, as given by the fit line in Fig. 4(c) ].
The smallest detectable voltage change ΔV m;min is given by S V g : ΔV m;min ¼ ffiffiffiffiffiffiffi S V g p ≈ 3.2 × 10 −6 V= ffiffiffiffiffiffi Hz p for the OECT. In other words, ΔV m;min can still be detected with SNR ¼ 1 at 10 Hz and with a 1-Hz bandwidth. This value corresponds to 0.0053% of a full Nernstian shift of 59.5 mV=dec of K þ , independent of the concentration range, as long as the membrane exhibits a Nernstian response. However, the corresponding LOD depends on the actual background concentration. This relation is evident from the fact that 0.0053% of a Nernstian shift corresponds to a higher absolute change in concentration at 1 mM than at 1 μM.
Formally, we define here the LOD as Δc K þ ;min ¼ c K þ ;min − c K þ , where c K þ ;min is the smallest detectable absolute concentration and c K þ is the background concentration. c K þ ;min depends on the SNR and the background concentration given by
where c 0 ¼ 1M is the concentration of the standard state commonly used to make the argument of the logarithm dimensionless (the normalized concentration is then usually called the chemical activity). With SNR ¼ 18816 and c K þ ¼ 1 μM, this calculation leads to c K þ ;min ¼ 1.000122 μM. This result indicates that an increase Δc K þ ;min ¼ c K þ ;min − c K þ ¼ 122 pM (LOD) can still be detected with SNR ¼ 1 at 10 Hz, with a 1-Hz bandwidth at a background concentration of c K þ ¼ 1 μM, using a ð25 × 25Þ-μm OECT modified with a potassium-selective membrane with a Nernstian response between 1 μM and 10 mM. Further details are given in the Supplemental Material [35] .
IV. CONCLUSIONS
In this work, we study the low-frequency 1=f noise in PEDOT:PSS-based OECTs. We are able to quantify the SNR and the LOD of an OECT in a typical ion-sensing measurement. A comparison with the literature shows that the noise of PEDOT:PSS OECTs with a typical thickness of d ≈ 110 nm is comparable to graphene transistors and only slightly higher than SiNWs and substrate-bound SWCNT transistors. The experimental data are in good agreement with the charge-noise model, which reveals that the noise is caused by charge fluctuations in the proximity of the channel or within the active material. Our results provide an additional design rule for the application of OECTs in biochemical and electrostatic sensing experiments, recommending the use of large-area polymer channels to maximize the SNR.
